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INTRODUCTION
Attempts to determine the effects of ionizing radiation on the behavior and survival of wild animals living under natural conditions have been hindered by lack of suitable monitoring techniques. This paper reports on studies of freeranging raccoons, snowshoe hares, and striped skunks given an acute exposure to 300 R y radiation. All irradiated animals and their controls were monitored prior to and following irradiation by an automatic radio-tracking station (1) located in east-central Minnesota on the Cedar Creek Natural History Area.
Radiation effects on survival of similarly sized mammals held in captivity have been reported by Golley et al. (2) , and Markham and Whicker (3) reported on the comparative survival of free-ranging and captive pikas (Ochotana princeps). O'Farrell et al. (4) suggested a synergistic effect between radiation insult and environmental stress in free-ranging pocket mice (Perognathus parvus), but they did not report on causes of mortality. Few data other than anecdotal observations are available on the effects of radiation on behavior of unrestrained wild animals. Such information is necessary if we wish to predict the possible effects of nuclear catastrophies on the natural environment.
Our hypothesis was that radiation sickness would occur following exposure and that irradiated animals would be active for a shorter time and would move over a smaller home range. This hypothesis was tested by comparing the activity and movements of irradiated and control animals prior to and following irradiation. Support for this hypothesis was obtained from laboratory and field studies on birds by Wahlstroem (5) and Schlumberger and Henschke (6) and on mammals by Nash et al. (7) .
METHODS
All of the study animals were captured on the Cedar Creek Natural History Area using various methods such as live traps and drive nets. The first animals were captured in the spring of 1966 and the final irradiation experiments were carried out in 1970. At any given time, the maximum number of irradiated animals of a given species being monitored was six. Captured animals were brought to the laboratory where they were anesthetized with ether, weighed, examined for physical condition, and equipped with a radio transmitter attached in the form of a collar. Transmitters were constructed by the Bio-electronics Laboratory at Cedar Creek to fit individual animals. Immediately following recovery from the anesthesia, animals were released at the point of capture. In all cases, animals to be irradiated and their controls, which were of the same sex and age in 17 out of 26 cases, were monitored for at least 1 month prior to irradiation to provide baseline data on behavior and activity patterns. At certain times, however, the data records were incomplete for portions of the 30-day periods.
Radio-marked animals were monitored by the Cedar Creek Automatic Tracking System, which is capable of recording position and activity data simultaneously for 52 animals, giving data every 45 sec for each animal. The system, which is based on two continuously rotating antennas located on towers 0.5 miles apart, is accurate to t40.5?. Portable directional receivers were used to determine the exact location of a den or sleeping site as well as dead animals.
On the day that an animal was to be irradiated, it and, if possible, the control animal were recaptured and brought to the Gamma Irradiation Facility, Department of Chemical Engineering, Minneapolis Campus, where the experimental animal was exposed to a 10,000-Ci cesium-137 source and the control animal was sham irradiated. Animal placement within the irradiation chamber was determined by ferric-ferrous dosimetry and the actual exposure was monitored with a Victoreen rate meter. Control animals were captured for sham irradiation in 13 of the 26 experiments, but were monitored by telemetry in every experiment. The animals were then returned to their points of capture and released. This procedure was normally completed within 4 to 6 hr. The exposure of 300 R given at a rate of 25 R/min, was considered to be sublethal for all three species (2, 8) .
Data generated by the automatic tracking system are recorded on 16-mm microfilm. Bearings from the two towers to determine location by triangulation plus the state of activity are determined for each animal from the film record and are recorded on punch cards for input to a computer. Activity can be categorized as motionless, which indicates sleeping or resting, movement at the same location which may result from feeding, grooming, or courtship display, and moving from one location to another. Movement of an animal causes a modulation of the radio signal which is recorded on the film record. Determination of home range size and patterns of activity were made using software programs developed for a CDC 6600 computer (9).
RESULTS

Mortality
Mortality of irradiated and control raccoons within 30 days postirradiation is shown in Table I . No controls and no irradiated adults died; however, two of three juvenile males and three of four juvenile females died within 30 days of exposure. All deaths were presumed due to irradiation, as hemorrhaging was the only abnormality observed in postmortem examinations. The two juvenile males died on the 13th and 15th days after exposure; one juvenile female died on the llth day and two died on the 13th day. Those animals surviving longer than 30 days were presumed to have recovered from radiation effects because they survived for many months and eventually died from causes we have observed in unirradiated raccoons (10). No mortality was observed in either the irradiated or control striped skunks within 30 days following irradiation. All of the experimental animals were irradiated in September or October 1970 and all survived and emerged from dens in March or April 1971. Since the winter denning period for striped skunks did not begin until late November, the delayed effects of irradiation during "hibernation" which have been reported by Musacchia and Barr (11) for 13-lined ground squirrels and by Smith (12) for various mammals probably did not influence survival. Although we do not know the LD50 of striped skunks, we assume that it is higher than the 300 R dose given. This assumption appears justified on the basis of lethal doses determined for other species of medium-sized wild mammals (2).
Home Range
Our hypothesis was that irradiated animals would move shorter distances and for shorter periods of time than would nonirradiated animals, and that this would result in reduced home ranges. This seemed logical in that irradiated animals might be expected to develop radiation sickness and its associated debilitations following exposure. Therefore, we measured the home range of all individuals for periods prior to and following radiation by the minimum area method of Mohr (13) calculation is based varies due to the time when the radio signals were not received because of electrical interference or other limitations of the system. A typical set of plots of home range as determined by the square summing method is shown in Fig. 1 . The size and approximate shape of the home range for hare 228, a juvenile female, are similar for the 41-day period prior to irradiation compared to the 46-day period following irradiation. The home range of the control animal, a juvenile male, showed little change from pre-to postirradiation. Such similarities were revealed frequently when plots of home ranges were examined visually. In some cases postirradiation home ranges were smaller than pre-, as predicted by our hypothesis. In other cases, postirradiation home ranges were larger, contradicting the hypothesis.
An effort was made to determine the possible effects of time on home range size by calculating the home range for certain individuals for varying periods pre-and postirradiation. Data on daily home ranges did not reveal any obvious differences in home range size during the first days postexposure compared to later periods. In addition, daily home ranges were frequently as large or larger following irradiation as prior to irradiation.
Home range sizes for a number of individuals for 30, 10, and 2 days pre-and 2 and 30 days postirradiation are presented in Table II . In general, these data indicate a considerable amount of variation both among and within species before and after irradiation. It is obvious when comparing the 2-, and 10-, or 30-day home range sizes that this value is correlated with the number of days monitored. Tester and Siniff (15) considered this problem in detail and concluded that comparisons based on identical time periods are valid.
For some irradiated animals such as hare 248 and skunk 1287, the hypothesis of reduced home range size following irradiation appears supported for the 2-day periods, but data from other individuals such as hare 265 and skunk 1212 show a larger home range for the 2 days postirradiation. In other cases, the home ranges of the controls change in the same way as those of the irradiated animals, thus making evaluation of the radiation effects difficult.
Normal seasonal changes in movement patterns were observed for many of the study animals. As an example, data for irradiated raccoon 620 and its control 604, both adult females, were analyzed by weekly intervals for 4 months. Raccoon 620 was irradiated on October 2, 1968. No obvious change in weekly home range size occurred following irradiation. The home range size of 604 was rather consistent until winter weather in late November curtailed movement. Animal 620, however, demonstrated more variation in home range size from week to week, both before and after irradiation. In spite of this, the overall sizes of home ranges for the entire pre-and postirradiation periods showed little change prior to winter denning (Table III) . Differences were observed, however, in the curtailment of movement with the advent of winter weather. Control 604 reduced its home range and appeared to begin winter dormancy about November 27 whereas 620 continued moving over an area of several hundred acres during this same period. This behavior is in marked contrast to that shown by another set of raccoons irradiated December 1, 1966. Both the irradiated and control animals entered the same winter den on December 2 and remained together in this den throughout the winter.
One example of possible radiation effects associated with movements and predation occurred in September 1968. Juvenile male hare 248 was irradiated on September 18, 1968 and was killed, probably by a mink, the night of September 22, 1968. Its home range for two consecutive three-day periods prior to irradiation was 21 and 18 acres compared to 8 acres for the three-day period following irradiation. The reduced postirradiation home range was within the area used previously. It is possible that this animal may have responded to the radiation stress by moving less and that it may have been less wary and therefore more vulnerable to predation. No reduction in home range was observed for its control.
It would be desirable to draw some conclusions about effects of irradiation on home range. However, even for those animals where data are complete, one can readily see that no clear relationship exists for any of the three species. It appears that if changes in movement pattern occur due to the stress of radiation, they are more subtle than our measurements of home range size can demonstrate. 
Activity Rhythms
Patterns of activity and rest for irradiated and control animals were plotted for selected 24-hr periods before and after irradiation. Ratios of total minutes of activity to total minutes of rest per 24 hr for periods when the radio signals enabled us to determine activity are presented in Table IV . This ratio, expressed as percent of time active, is similar to the a:p ratio frequently used in analyzing circadian rhythms (16) . As in the case of home range, data for some irradiated animals fit our hypothesis of reduced activity immediately following irradiation whereas data for other irradiated animals contradict it.
Activity histograms covering periods of from 30 to 60 days before and after irradiation were prepared for selected snowshoe hares and raccoons in an effort to detect delayed effects which might become apparent during this time period (Figs. 2 and 3) . For each 30-min interval in the abscissa, the ordinate shows the percent of sampling periods, i.e., days in which the animal was moving. In general, the histograms clearly demonstrate the nocturnal activity pattern of both species. Phase relationships or timing of onset and cessation of activity are obvious and are apparently not affected by irradiation in any predictable manner. For example, hare 228 shows a reduction in total activity following irradiation, as hypothesized; however, its control, hare 229, shows a similar reduction (Fig. 2) .
Data for two irradiated and two control raccoons (Fig. 3) do not reveal consistent differences in percentage of activity following irradiation. Raccoon 620 was more active during mid-day. It is interesting to note that 660 and 664 maintained their circadian rhythms even though they entered their winter den a few hours after irradiation. Timing of onset and cessation of activity remained in phase with sunset and sunrise, respectively, although the amplitude was obviously decreased. 
ANIMAL
CONCLUSIONS
The results obtained suggest that it is difficult to detect radiation effects in unconfined, medium-sized mammals following exposure to 300 R, using the behavioral criteria selected. Our studies do suggest, however, that juvenile raccoons living in the wild are more sensitive to exposure to 300 R than are adult raccoons or juvenile or adult snowshoe hares and striped skunks. This sensitivity resulted in death within 30 days for five out of seven juvenile raccoons.
One might expect that the irradiated animals would be more vulnerable to predation due to radiation effects such as ataxia, conjunctivitis, and pelage graying as suggested by Dunaway et al.2 for small mammals. However, only two irradiated animals, both snowshoe hares, were killed by predators in our study and we do not believe that the death of one of these was related to irradiation. No mortality occurred in irradiated or control striped skunks.
No consistent patterns of effects of the irradiation were detected in terms of size of home range or in circadian rhythms. Some irradiated animals showed reduced home ranges and less total activity per day following irradiation, but some controls also exhibited these same changes. Furthermore some irradiated and control animals had larger home ranges and were more active following irradiation.
Similar conclusions that ionizing radiation has little or no observable effect on behavior have been reached in other studies on toads (17) and on several species of ducks (D. F. McKinney, unpublished data). It is possible, however, that in all of these investigations the irradiation may have caused behavioral effects which were not detected.
